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In this letter we show that the optical response of organic nanofibers, grown from functionalized
para-quaterphenylene molecules, can be controlled by forming organic-plasmonic hybrid systems.
The interaction between nanofibers and supporting regular arrays of nanostructures leads to a
strongly enhanced second harmonic response. At the same time, the fluorescence lifetime of the
nanofibers is reduced from 0.32 ns for unstructured gold films to 0.22 ns for gold nanosquare arrays,
demonstrating efficient organic–plasmonic interaction. To study the origin of these effects, we
applied two-photon laser scanning microscopy and fluorescence lifetime imaging microscopy.
These findings provide an effective approach for plasmon-enhanced second-harmonic generation at
the nanoscale, which is attractive for nanophotonic circuitry.VC 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4938007]
Small oligomers like thiophenes or phenylenes have
attracted high interest in organic opto-electronics1 because
bottom-up engineering in synthetic chemistry allows design-
ing molecules with specific optical properties and for specific
purposes.2 Furthermore, crystalline quasi one-dimensional
nano-aggregates based on these molecules can be grown
with typical widths of several hundred nanometers, heights
below 100 nm but lengths up to 1mm.3 These organic nano-
fibers show a multitude of optical properties, such as optical
waveguiding,4 one-dimensional random lasing,5 anisotropic
light-emission,6,7 and second-harmonic (SH) generation.8
Furthermore, organic nanofibers can be transferred to various
receiver substrates by stamping or roll-on transfer as well as
micro-manipulation, while keeping their structural and opti-
cal properties.2 Because organic nanofibers are also capable
of facilitating and controlling surface plasmon polariton
(SPP) excitation and propagation,9 they are considered as
light-plasmon couplers in active plasmonic devices. The
crystallinity of the fibers ensures thereby phase matching
conditions and coherence of SPPs and light.10 Hence, the use
of such organic-plasmonic hybrids can be of high importance
in opto-electronic engineering.
In this letter we investigate functionalized molecules,
composed of a para-quaterphenyl basis unit, namely, 1-
cyano-p-quaterphenylene (CNHP4). Such molecules have
been grown as oriented crystals in the form of solid nano-
wires by a self-assembly process on muscovite mica sub-
strates.7,8 Due to the unsymmetrical functionalization by the
cyano end group, CNHP4 molecules have a permanent mo-
lecular dipole moment. Assembled into a nanofiber, the over-
lay of nonlinear molecular dipoles results in a high nonlinear
bulk susceptibility, as proven experimentally.11–13
For plasmonic circuitry applications, where the main
objective is to enhance and to control the light-plasmon
interaction, we transferred the CNHP4 nanofibers to
lithography-defined regular arrays of gold nanosquare struc-
tures, forming an organic-plasmonic hybrid system. We
expected morphological effects, in particular, local surface
variations, to have a strong influence on the SH generation.8
In particular, breaks and bends generate SH because of
changes in the local dipole moment. Here, we show that SH
generation can be increased significantly and in a predefined
fashion by local electric field-enhancement caused by sur-
face plasmons excited at the nanostructures. The origin of
the enhanced SH signal was studied using three complemen-
tary methods, namely, two-photon laser-scanning micros-
copy (2P-LSM), fluorescence lifetime imaging microscopy
(FLIM), and atomic force microscopy (AFM). We used 2P-
LSM to map the SH generation, AFM to study morphologi-
cal effects, and FLIM to confirm the strong plasmon-exciton
interaction.
By these experiments we found that the SH response is
enhanced significantly due to the electric field enhancement
caused by surface plasmon excitation. At the same time, the
fluorescence lifetime of the nanofibers is reduced because of
an efficient organic–plasmonic interaction. These findings
provide an effective approach for plasmon-enhanced SH gen-
eration at the nanoscale, which is attractive for nanophotonics
circuitry. Furthermore, the strong plasmonic-exciton interac-
tion might be interesting for plasmonic applications, where or-
ganic nanofibers could be exploited as active components,
responsible for plasmon generation or modulation.9,14
CNHP4 nanofibers were grown by molecular beam epitaxy
on freshly cleaved, heated muscovite mica substrates.15 Typical
dimensions vary around 100nm in height, 300nm in width, and
100–200lm in length. After growth, fibers were transferred via
a roll-printing technique16 onto periodic arrays of nanosquares,
with an overall array size of 100 100lm2. The arrays were
fabricated by electron beam lithography, metal/dielctric deposi-
tion, and subsequent lift-off. We studied three differenta)Electronic mail: fiutowski@mci.sdu.dk
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configurations of materials: Au squares on Au film, SiO2
squares on Au film, and Ti squares on Ti film. The squares
height of 55 nm and the metal substrate thickness of 70 nm
were kept for every sample. The size and the pitch distance of
the nanosquares were selected to match the excitation condi-
tions of surface plasmon polaritons by the array arrangement
and a strong local field enhancement at the Au nanosquares.
Therefore, the nanosquares had a size of 450 450 nm2
(610 nm), and the pitch distance was 7606 10 nm. The local
field-enhancement and light scattering effects by the array of
nanosquares are described elsewhere.17,18 Fig. 1(a) shows a
scanning electron microscopy image of the sample layout
before fiber transfer. After the transfer process, the optical
response of the fibers was measured. In Fig. 1(b) a bright-field
micrograph is overlaid with a fluorescence microscopy image.
Upon laser illumination, both SH and two-photon luminescence
peaks were clearly visible in the analyzed spectrum.19 The
waveguiding properties of the nanofibers were also
maintained.19
The SH response was mapped by a custom-built two-
photon femtosecond laser scanning microscopy, based on an
inverted fluorescence microscope (Nikon Eclipse TE 2000-
U). The light was detected by a photomultiplier tube
(Hamamatsu R585). In addition, the system was equipped
with a CCD camera and a fiber spectrometer (Jaz, Ocean
Optics). A broad-band Ti:Sapphire oscillator (Tsunami,
Spectra Physics) providing sub 100 fs pulses at a central
wavelength of 785 nm with a repetition rate of 75MHz was
used for normal sample illumination. At this photon energy
the SH generation is superior to two-photon fluorescence,
since the photon energy lies just below the band gap of
CNHP4.2 A sketch of the experimental setup is shown
elsewhere.20
FLIM was conducted with another custom-built two-
photon laser scanning setup, based on a Nikon Eclipse TI
microscope and a Mai Tai DeepSee Ti:Sapphire laser
(Spectra Physics). The repetition rate of 80MHz and the cen-
tral wavelength of 770 nm were selected to trigger fluores-
cence and SH signals. Lifetime images were acquired by
time-correlated single-photon counting using a high speed
hybrid detector (HPM-100-40, Becker & Hickl). An appro-
priate bandpass filter (4506 35 nm) was mounted in front of
the detector to block the SH signal.
Fig. 1(c) shows the SH response of a CNHP4/Au hybrid
system upon femtosecond illumination, mapped by LSM.
The structured area is clearly visible through the significantly
enhanced SH response of the nanofibers. The polarization of
the incident light, represented by the arrow, has been chosen
parallel to one side of the squares.
First, the SH dependence on the sample morphology was
investigated. As reported earlier, the fiber surface morphology
has a strong impact on the SH response, since changes in the
fiber morphology lead to a strong field enhancement and fur-
ther to enhanced SH generation.8 This is confirmed in our
study. In Fig. 1(d) an AFM image from the marked area in
Fig. 1(c) is shown. Notably bright spots in the LSM image
can be correlated to distinct spots in the AFM image. The
AFM scan has been obtained after performing the optical
characterization. Even though the fiber-shape is affected by
the previous measurements, e.g., via material ablation, the SH
enhancement is still visible in the LSM, and remains signifi-
cant after many measurement scans.
To exclude pure morphological effects of the substrates,
i.e., corrugation of the fibers introduced during the transfer on
the structured surface, fibers from the same growth mica sub-
strate were transferred on Ti and SiO2 nanosquare arrays,
respectively. All transfers were conducted under identical and
highly controllable conditions. Fig. 2 shows laser scanning
microscopy images of CNHP4 nanofibers for different re-
ceiver substrates. SH maps were again recorded during illumi-
nation with a femtosecond laser at k¼ 785 nm. In Fig. 2(a),
the hybrid system is formed by fibers transferred to gold nano-
squares on a thin gold film, in (b) by fibers deposited on top
of SiO2 squares with a gold film underneath, and in (c) by
fibers on top of titanium squares fabricated on top of a thin ti-
tanium film. The nanosquare arrays (100 100lm2) were
located by bright-field microscopy and are marked by white
squares in panels (b) and (c). In the case of gold (Fig. 2(a)), a
strongly enhanced SH signal on top of the nanosquares is
detected. The enhancement is absent for the other materials
shown in Figs. 2(b) and 2(c). Structural inhomogeneities cre-
ated during the fiber growth and transfer are similar for all
samples, making the overall enhancement of the SH response
of CNHP4 fibers not solely explainable by a local morphology
change induced by the substrate morphology.
Further effects resulting in enhanced SH response are
the lightning-rod effect and field-enhancement by surface
plasmons.21,22 The enhancement by the lightning-rod effect
is based on high electric fields close to sharp metal tips, as
are found at the edges of the nanosquares. Such enhancement
should also be seen for the Ti squares. The enhancement
FIG. 1. (a) Scanning electron microscopy image of several nanosquares
before fiber deposition; (b) Overlay of bright-field and fluorescence micro-
graphs of a gold nanosquare array after fiber deposition; (c) Second-
harmonic response of the sample upon illumination with femtosecond laser
pulses at k¼ 790 nm mapped by LSM. (d) AFM image from the white
framed area in (c) showing the fiber morphology. The arrows indicate corre-
sponding distinct spots in AFM and LSM images.
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based on surface plasmons excited by the nanostructures is
instead related to the dielectric function of the material.
According to the material properties and the dispersion rela-
tion, the sample geometry allows the excitation of propagat-
ing surface plasmon modes only for the CNHP4/Au hybrid
system.17 Thus, our observations support the assumption that
the SH response depends strongly on the local field-
enhancement by surface plasmons.
Our assumption is confirmed by complementary fluores-
cence lifetime imaging microscopy, where fiber-plasmon inter-
action should open new decay channel for excitons, resulting
in a reduced fluorescence lifetime. Fig. 3(a) shows a lifetime
map for the gold nano-structures where the fluorescence life-
time is color-coded. The distinct reduction in lifetime s1 of
CNHP4 fibers on top of the nanosquare array is shown by the
red-green contrast. This contrast is absent for SiO2/Au nano-
structures (Fig. 3(b)) and for Ti/Ti nano-structures (Fig. 3(c)).
Here, the white squares show again the positions of the struc-
tured arrays (100 100lm2) as found by bright-field micros-
copy. The arrows indicate the polarization of the light.
A closer lifetime analysis is shown in Fig. 4(a). The red
curve shows the fluorescence decay of an assembly of
CNHP4 nanofibers on an unstructured gold surface. The in-
tensity decay I(t) can be fitted to the model IðtÞ ¼
a1  expðt=s1Þ þ a2  expðt=s2Þ by a two-component ex-
ponential decay using time constants s1 and s1 and ampli-
tudes a1 and a2. The instrument response function was
measured separately using the same experimental conditions
and considered within the fitting procedure. From the fitting
procedure, a fluorescence lifetime of s1 ¼ 0:3260:03ns and
s2 ¼ 1:760:3ns was determined. The decay is dominated by
the shorter component s1 with relative amplitude of ca. 90%.
In the vicinity of an interface, the fast component s1 is attrib-
uted to the non-radiative decay of CNHP4 excitons interact-
ing with electrons in the substrate.23 This is potentially
plasmonic resonances coupling to the excitonic band struc-
ture of the molecules. The slow component s2 represents the
intrinsic radiative decay in CNHP4 molecules and is attrib-
uted to photo-generated excitons that do not reach the fiber/
substrate interface.24
The black curve in Fig. 4 shows the FLIM result for an
assembly of CNHP4 nanofibers placed on top of a nano-
square array on the same sample. Because the number of
fibers within the arbitrary chosen assembly is different, the
intensities of the red and the black curves cannot be com-
pared directly, and hence, the intensities have been normal-
ized. However, the faster initial decay of the lifetime
component s1 is clearly visible (s1;array ¼ 0:2260:03ns)
while s2 is not changed. The inset in Fig. 4 shows a histo-
gram of lifetimes s1 from Fig. 3(a). Peak A corresponds to
the nanostructured area, and peak B to the unstructured area.
The observed width of the lifetime distribution originates
among others from the spectral dependence of the lifetime25
and from the orientation dependence of the fluorescence life-
time at interfaces.26 Due to the latter dependency, the abso-
lute lifetime values vary from sample to sample. However,
in this report, we consider relative changes of the lifetime for
the same sample, depending on whether the nanofibers have
been deposited on top of the nanosquares or besides them.
In contrast to the results presented so far, nanofibers de-
posited on non-plasmonic materials, i.e., SiO2/Au and Ti/Ti
substrates, show no shortened lifetime on top of the squares,
neither in the fast nor in the slow decay component. Lifetime
values for SiO2 (Ti) are s1 ¼ 0:40ns (0.31 ns) and s2 ¼
1:94ns (1.59 ns). Lifetime maps of the s2 are shown in the
supplementary material.19
These observations give clear evidence that the observed
lifetime reduction for CNHP4 nanofibers transferred to gold
nanostructures can be explained by a strong nanofiber–plas-
mon interaction.
FIG. 2. SHG maps of CNHP4 nanofib-
ers transferred to Au/Au (a), SiO2/Au
(b), and Ti/Ti (c) nanosquare arrays with
an overall array size of 100 100lm2
obtained by laser-scanning microscopy.
In (a), a significantly enhanced SH sig-
nal is observed. In (b) and (c), the posi-
tions of the nanosquare arrays are
marked by the white squares.
FIG. 3. Fluorescence lifetime maps for different substrate and nanosquare materials: (a) Au squares on Au film; (b) SiO2 squares on Au film; and (c) Ti squares
on Ti film. The fast lifetime component s1 of the two component exponential decay is encoded in the discrete color scale shown at the right. For Au, the fast
lifetime decay component s1 exhibits a significant red-green contrast between structured and unstructured areas. For SiO2/Au and Ti/Ti substrates no lifetime
contrast is observed. The nanosquare arrays were located by additional bright-field microscopy and are marked by white squares.
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In this letter we have shown that organic-plasmonic
hybrids are capable of enhancing non-linear effects in nano-
fibers. In detail we studied SH generation in organic CNHP4
nanofibers. We could show that by transferring these fibers
to properly designed substrates the SH response can be
enhanced significantly. We could further show that mainly
surface plasmons play a crucial role in tuning the SH
response. In the case of the investigated organic-plasmonic
hybrid system, the local field enhancement is superior to the
morphological and lightning-rod effects. The reduced fluo-
rescence lifetime for fibers transferred to nano-structured
areas emphasizes the importance of organic-plasmonic
coupling.
Amplifying the non-linear response of organic nanofib-
ers by tuning the local electric field of the receiver substrate
will play an important role in the development of organic
opto-electronic devices due to a strong demand for active
components that can convert optical signals into plasmonic
signals and vice versa.13 The high degree of flexibility in tun-
ing structural and optical properties make phenylene-based
nanofibers a very attractive component which is attractive
for nanophotonic circuitry.
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